The copepod Eurytemora affinis has an unusually broad salinity range, as some populations have recently invaded freshwater habitats independently from their ancestral saline habitats. Prior studies have shown evolutionary shifts in ion transporter activity during freshwater invasions and localization of ion transporters in newly discovered "Crusalis organs" in the swimming legs. The goals of this study were to localize and quantify expression of ion transport enzymes V-type H 1 -ATPase (VHA) and Na
Introduction
Invasions from marine to freshwater environments are among the most dramatic evolutionary transitions in the history of life (Hutchinson 1957; Little 1983 Little , 1990 Miller and Labandeira 2002) . Relatively few aquatic animal taxa have been able to cross this biogeographic boundary, given the challenges imposed by ionic regulation at lower salinities (Khlebovich and Abramova 2000) . The copepod Eurytemora affinis is quite remarkable in successfully invading freshwater habitats multiple times independently from coastal waters in only a few decades (Lee 1999 (Lee , 2000 Lee and Bell 1999; Winkler et al. 2008 ). This copepod is common in estuaries and salt marshes of North America, Asia, and Europe but has recently invaded many freshwater lakes and reservoirs throughout the world, primarily as a result of ship ballast water transport and stocking of lakes with sport fish (Lee 1999; Devreker et al. 2012 ). These invasions have been puzzling from a physiological standpoint, given that this small crustacean (∼1.5 mm) had not been known previously to be a strong osmoregulator (Johnson et al. 2014) . So, what are the physiological mechanisms underlying freshwater adaptation during freshwater invasions by this copepod? This study aims to localize the specific osmoregulatory sites that might be implicated in adaptation to low salinity.
In crustaceans and many osmoregulating animals, ionic regulation is performed within osmoregulatory organs containing tissues rich with ionocytes, which are cells specialized for ion transport. Ionocytes are involved in active ionic transport, particularly of Na 1 and Cl
2
, driven by the coordinated activity of transmembrane proteins, including ion transport enzymes and ion channels (Mantel and Farmer 1983; Péqueux 1995; Char-mantier et al. 2009; Henry et al. 2012) . Several functional models have been proposed for ion uptake at low salinity or in fresh water, particularly for crabs exposed to dilute media (e.g., Chasmagnathus granulatus [Genoveses et al. 2000; Onken et al. 2003] and Carcinus maenas [Onken and Riestenpatt 2002] ) or living in fresh water (e.g., Eriocheir sinensis [Onken et al. 1991] and Dilocarcinus pagei [Onken and McNamara 2002; Weihrauch et al. 2007]) .
A main mechanism of ion uptake occurs through the establishment of an electrochemical gradient driven by the primary transport enzyme Na 1 /K 1 -ATPase (NKA), once considered the major driving force for active ion transport (reviews in Lucu and Towle 2003; Freire et al. 2008; Charmantier et al. 2009; Henry et al. 2012; McNamara and Faria 2012) . Basolateral activity of this enzyme results in active Na 1 transport to the hemolymph. This gradient then drives apical absorption of Na 1 through a Na 1 channel and of Na 1 and Cl 2 through a Na
2 cotransporter (review in Charmantier et al. 2009) .
While several studies have demonstrated the importance of NKA for driving ion uptake, more recent studies have discovered that another enzyme, V-type H 1 -ATPase (VHA), is likely to be quite important for facilitating the uptake of Na 1 and Cl 2 from very dilute environments (Beyenbach 2001; Morris 2001; Tsai and Lin 2007; Lee et al. 2011 ; review in Beyenbach and Wieczorek 2006; Weihrauch et al. 2007; Henry et al. 2012) . VHA creates a proton gradient on the apical side of the ionocyte membrane by pumping H 1 out of the cell, generating a more negative potential within the cell, thus boosting the effect of NKA. This increased negative potential within the cell then helps drive the apical absorption of Na 1 through channels or secondary transporters, the identity of which is unknown but hypothesized (such as Na 1 channel [ENaC] or electrogenic 2Na 1 /1H 1 antiporter; Ahearn 2001; McNamara 2012). These ions are then transported to the hemolymph via NKA (reviews in Day et al. 2008; Charmantier et al. 2009; Evans and Claiborne 2009; Henry et al. 2012; Xiang et al. 2012) .
Relative to research performed on NKA in crustaceans (review in Charmantier et al. 2009; McNamara and Faria 2012) , far less is known regarding crustacean VHA expression, localization, and function, particularly in nondecapod crustaceans (Covi and Hand 2005; Tsai and Lin 2007; Faleiros et al. 2010; BoudourBoucheker et al. 2014; review in Charmantier et al. 2009; Henry et al. 2012) .
A prior study on the copepod E. affinis had found evolutionary shifts in expression and activity of the two primary ion transport enzymes, VHA and NKA, associated with saline to freshwater invasions (Lee et al. 2011 ). Relative to their saline ancestors, freshwater-adapted populations of E. affinis showed an evolutionary shift toward increased activity and expression of VHA under freshwater conditions. These freshwater-adapted populations also exhibited an evolutionary decline in NKA activity, relative to their saline ancestors, at both lower and higher salinities (Lee et al. 2011 ). Another study on E. affinis found that expression of these two enzymes, VHA and NKA, was localized at two main anatomical sites where ionocytes were observed, specifically, in tubules of the maxillary glands and the epithelia tissue of the swimming legs, named the "Crusalis organs" (Johnson et al. 2014) . This previous study also found that VHA was strongly expressed in the swimming legs but weakly in the maxillary glands, whereas NKA was strongly expressed in the maxillary glands.
Based on these prior results, we hypothesized that the ion regulatory sites on the swimming legs are likely to be important for freshwater acclimation and adaptation. We based this hypothesis on the potential importance of VHA for ion uptake in fresh water and prior results that found (1) evolutionary increases in activity and expression of VHA in freshwater-adapted populations of E. affinis under freshwater conditions (Lee et al. 2011 ) and (2) high levels of VHA expression in the swimming legs of the copepod E. affinis (Johnson et al. 2014) . However, in the previous study that identified the swimming legs as sites of ion transport in E. affinis (Johnson et al. 2014) , it was unclear which pairs of swimming legs were involved in ionic regulation and to what degree. A more detailed analysis of ion-transporting cells (ionocytes) in the swimming legs was required to understand how patterns of ion transporter expression within these leg organs might shift in response to changes in salinity.
Thus, the objective of this study was to analyze the ionoregulatory sites in the swimming legs of adult E. affinis by localizing both the ionocytes within the legs and the ion transporters NKA and VHA within the ionocytes. In addition, we wanted to estimate the degree of involvement of each leg in ionic regulation. Our specific goals were to (1) localize ionocytes within each leg, (2) determine the localization and expression of NKA and VHA within ionocytes, and (3) quantify the relative area of ionocytes and the abundance of NKA and VHA in each of the swimming legs.
To accomplish the first goal, we localized the sites of ion transport using light, fluorescence, and confocal microscopy. To achieve the second goal, we localized expression of NKA and VHA within ionocytes using immunolocalization. We achieved the third goal by measuring the relative immunostained areas and immunostaining intensity for both enzymes in each leg. We compared localization and expression of the enzymes VHA and NKA between two populations of E. affinis, specifically, an ancestral saline population from the St. Lawrence estuary and a recently invading freshwater population from Lake Michigan (Lee 1999; Winkler et al. 2008) .
Methods

Population Sampling
This study included adult individuals from saline ancestral and freshwater invading populations from the same clade (Atlantic) of Eurytemora affinis (Lee 1999 ) under the conditions described in Lee et al. (2012) . In this study we compared only populations reared at their native salinities (0 PSU for the freshwater population and 15 PSU for the saline population). The freshwater treatments at 0 PSU (Lake Michigan water) were fed the freshwater alga Rhodomonas minuta, whereas the saline treatments (15 PSU) were fed the saline Rhodomonas salina during 5 d before being fixed (see below). We examined only females due to their larger size relative to males. The size of specimens used in this study showed no significant difference between populations. Prosome length was 865 5 11.9 mm for the saline population and 855 5 11.7 mm for the freshwater population (Student's test, t p 0.600, df p 18, P p 0.5560, N p 10), and total length was 1.343 5 19 mm for the saline population and 1.363 5 14 mm for the freshwater population (Student's test, t p 0.8454, df p 18, P p 0.4090, N p 10).
Western Blot
A pool of 40 adult copepods, including males and females, was frozen in ice-cold SEI-IP buffer (0.3 mol L 21 sucrose, 0.1 mol L 21 imidazole; 0.02 mol L 21 EDTA; pH 7.4) containing a mix of proteinase inhibitors (pepstatin, leupeptin, aprotinin) at 0.5 mg mL 21 and kept at 2807C before analysis. Samples were then centrifuged at 1,000 g for 5 min at 47C and the pellet was resuspended in 200 mL of SEI-IP buffer and homogenized with a 1-mL Wheaton glass potter on ice. After 1 h incubation on ice, homogenates were centrifuged at 2,000 g for 6 min at 47C. Pellets were resuspended in 50 mL of 2.4 mmol L 21 sodium deoxycholate in SEI buffer and centrifuged (2,000 g, 6 min, 47C). The resulting supernatants were stored at 2807C and used for Western blots. Then 12 mL of supernatant was separated under denaturing conditions on a 3% stacking and a 7% and 10% running polyacrylamide gel for NKA and VHA, respectively. The protein size marker was an Odyssey Protein Molecular Weight Marker (LI-COR Biosciences). After the migration, proteins were transferred on a Millipore Immobilon FL PVDF membrane (LI-COR) for 2 h and 45 min, using a semidry transfer apparatus (Bio-Rad, Hercules, CA). Blots were blocked with the Odyssey Blocking Buffer for 1 h at room temperature with gentle agitation. The FL PVDF membrane was then exposed to the primary antibody (guinea pig polyclonal antibody raised against the V1 domain of V-type H 1 -ATPase from Manduca sexta at 1∶500 and rabbit polyclonal antibody raised against amino acids 551-850 mapping an internal region of Na 1 /K 1 -ATPase a1 of human origin at 1∶200; Santa Cruz Biotechnology, Santa Cruz, CA) diluted in Odyssey Blocking Buffer with 0.2% Tween 20 overnight at 47C. After a rapid wash and four 5-min washes in PBS-T (0.1% Tween 20 in phosphate-buffered saline, pH 7.3), the membrane was incubated in the dark for 50 min at room temperature with the secondary antibody at 1∶20,000 (IRDye 800 CW conjugated donkey anti-guinea pig IgG [LI-COR] for VHA and IRDye 800 CW conjugated goat antirabbit IgG [LI-COR] for NKA). Following three washes with PBS-T and a final wash of 5 min in PBS, the blots were visualized by immunofluorescence and the pictures were obtained using the Odyssey Infrared Imaging System (LI-COR).
Immunofluorescence Light Microscopy
In order to visualize and quantify the in situ localization of VHA and NKA, we performed immunofluorescence staining and microscopic observations of the ion transporter enzymes. To prepare the samples for visualization, we fixed whole animals for 24 h in Bouin's fixative (Martoja and Martoja 1967) . Specimens were rinsed in 70% ethanol, fully dehydrated in an ascending series of ethanol baths (95% and 100%), immersed in butanol twice for 15 min and 1 h, immersed in paraplast (three times for 1 h at 607C), and finally embedded in paraplast (Sigma-Aldrich). Longitudinal and transverse 4-mm-thick sections were cut on a Leitz Wetzlar microtome and mounted on poly-L-lysine-coated glass slides and stored at 377C for 48 h.
In order to perform immunolocalization of VHA and NKA, each enzyme was labeled using as primary antibodies (i) a rabbit monoclonal antibody a1-H300 raised against the a-subunit of chicken NKA (IgG a5; Santa Cruz Biotechnology) and (ii) a guinea pig polyclonal antibody raised against the V1-subunit of the insect M. sexta for VHA 335-2, kindly provided by Dr. Markus Huss and Prof. Helmut Wieczorek (University of Osnabrück, Germany; Wieczorek et al. 2000; Weng et al. 2003) . Then, the primary antibody was labeled with the secondary fluorescent antibodies (i) rhodamine donkey antirabbit against rabbit anti-NKA and (ii) FITC goat anti-guinea pig against guinea pig anti-VHA. Using a procedure similar to that of this study, these antibodies were shown to specifically react with these enzymes (VHA and NKA) in several crustacean species, such as Porcellio scaber (Ziegler 1997; Ziegler et al. 2004) , Homarus gammarus (Lignot et al. 1998) , Carcinus maenas (Weihrauch et al. 2001) , Astacus leptodactylus (Lignot et al. 2004) , Crangon crangon (Cieluch et al. 2005) , and Macrobrachium amazonicum (BoudourBoucheker et al. 2014) . Antibody 335-2 was shown to be specific to the crustacean V-type H 1 -ATPase enzyme in Covi and Hand (2005) .
Sections of six copepods each from the saline and freshwater populations were used for VHA and NKA immunocolocalization (double staining). One copepod from each population was used for separate immunolocalization (single staining) of each enzyme to confirm that each antibody was working properly. Slides were first dewaxed (LMR; two baths of 5 min) and rehydrated through a descending series of 5-min alcohol baths (100%, 95%, 90%, 70%, and 50%) and then washed in PBS (one bath of 5 min). They were immersed in PBS and placed in a microwave oven (at 80% power for 2 min) to reveal the antigenic sites (Bancroft and Gamble 2002) . After cooling at room temperature (about 5 min), the slides were incubated for 10 min in 0.01% of Tween 20 in 150 mM NaCl in PBS 10 mM, pH 7.3 (solution A). Slide saturation was performed in a solution of 5% skimmed milk (SM) in PBS at room temperature for 1 h. The slides were then washed in PBS (three times for 2 min each). Droplets of primary antibodies (NKA at 12 mg mL 21 and VHA at a dilution of 1∶250) diluted in PBS 1 0.5% SM were placed on the sections (100 mL of solution/slide) and incubated overnight in a wet chamber at 47C with agitation. To remove unbound antibodies, we then washed the sections in PBS (three times for 5 min each). After rinsing, the slides were exposed to the secondary antibodies diluted in PBS 1 0.5% SM (NKA at 12 mg mL 21 and VHA at 10 mg mL 21 ). A 100-mL droplet of the secondary antibody solution was placed on the section for 1 h at room temperature in a dark, wet chamber, with agitation. Control slides without the primary antibodies were also prepared.
Following extensive washes in PBS (three times 5 min), sections were mounted in an antibleaching medium (Gel/Mount, Permanent Aqueous Mounting Medium, Santa Cruz Biotechnology) and observed through a light microscope equipped for epifluorescence. Observations were made on a Leitz Diaplan microscope coupled to a Ploemopak 1-Lambda lamp with two appropriate fluorescence filter sets (450-490 and 577 nm band-pass excitation filters) and equipped with a Leica DC300 F digital camera and FW4000 software (Leica Microsystems, ReuilMalmaison, France). Observations of selected slides were conducted using a Leica TCS SP2 confocal microscope of the MRI platform, Université de Montpellier. For each observed section, photographs were taken under UV light alone to reveal the immunostained areas and then under UV 1 transmission white light to determine the location of these areas within the general structure of the legs. All photographs were taken at the same exposure time for each individual and each population.
Quantification of the Relative Surface Area of Ionocytes and Immunostaining Intensity in the Swimming Legs
In order to determine the relative importance of the different swimming legs in ion transport, we quantified the relative surface area of ionocytes and immunostaining intensity in the swimming legs from both populations using images obtained by the methods above. Our main goal here was to determine the relative area of the NKA-and VHA-stained cells in the swimming legs and to quantify their respective abundance in each of the swimming legs.
A series of photographs from one of two serial sections (about 20 sections per animal and three to six photographs per section) was collected from six females from both the saline and freshwater populations, following immunocolocalization of NKA and VHA. In order to quantify and compare the fluorescence intensity (see below), photographs were taken at constant exposure time for each enzyme. The swimming legs were identified on each photograph (L1-L5). Longitudinal sections allowed determining the location of the five swimming legs (L1-L5) for each individual.
The photographs were analyzed using the public domain software ImageJ (ver. 1.48; NIH; Schneider et al. 2012) , following a protocol that has been successfully used in other crustaceans (Issartel et al. 2010; Boudour-Boucheker et al. 2013 ) and in fish (Ouattara et al. 2009; Riou et al. 2012; Sucré et al. 2012 ). The objective was to determine for each swimming leg the total NKA or VHA immunostained area (IA) within ion-transporting cells (ionocytes) relative to the measured total area (TA) of the leg article inside the cuticle, with additional information on the hemolymph area (HA) and cell area (CA p TA 2 HA; fig. 1 ). In addition, the immunostaining intensity, that is, staining intensity of the IA, was measured by quantifying the pixel intensity of the IA using ImageJ software. These measurements were performed using the setting in the ImageJ software of "mean gray value," which determines the sum of the gray values of all the pixels in the selected area relative to the number of pixels, expressed in calibrated units (optical density). These quantifications were aimed at determining whether the number or size of ionocytes (evaluated from their IA), or the abundance of the enzymes per cell (evaluated from the staining intensity), changes between the populations and among legs within populations at different salinities. For instance, if the IAs were low yet the immunostaining intensities were high, we would infer that there are more ion transport enzymes per cell.
To compare the function of different legs within populations, we measured the length of each pair of legs from in toto pictures of five individuals per population taken under the confocal microscope. In a second step, the ImageJ software was used to quantify the difference in average pixel intensity of fluorescence between the populations, between corresponding legs of each population, and among legs within the same population.
Statistical Comparisons
Mean values of IA/TA (for NKA and VHA), CA/TA, HA/TA, and immunostaining intensity (for NKA and VHA) between the corresponding legs of the saline and freshwater populations at their respective salinities were compared using an unpaired Student's t-test. IA/TA and immunostaining intensity were compared among legs within each population using an ANOVA and Tukey HSD post hoc test. A value of P ! 0.05 was retained as the significant threshold for all tests. Data that were nonnormally distributed (as assessed by the Shapiro test) were normalized using a log function. All statistical comparisons were made using GraphPad Prism, version 5.02 (GraphPad Software 2009).
Results
Description of Swimming Legs
The five pairs of swimming legs (abbreviated "L" hereafter) typically found in calanoid copepods (Mauchline 1998; Huys and Boxhall 1991) were observed in Eurytemora affinis, with the fifth pair being sexually dimorphic between the sexes ( fig. 2) . The mean length of the legs (N p 5 females) varied according to their location along the animal, with the second (L2), third (L3), and fourth (L4) legs being longer (242 5 11 mm) than the first (L1; 147 5 8 mm) and fifth (L5) legs (124 5 8 mm).
Western Blot
The polyclonal antibody raised against the a1 subunit of the Na Immunohistochemical assays confirmed the localization of iontransporting sites identified as the Crusalis organs at the swimming legs (Johnson et al. 2014) . In situ localization of NKA and VHA using targeting antibodies revealed signals for both these enzymes in the swimming legs. Single immunostaining showed the presence of NKA ( fig. 4A ) and VHA ( fig. 4B ) immunopositive cells in all of the swimming legs. These cells were mostly elongated with a height limited to 3-10 mm. They were mostly located along the inner side of the cuticle of the appendages, visible in longitudinal ( fig. 4A) and transverse (fig. 4B ) sections. Double immunostaining (using both antibodies) on the same sections was conducted on sections from specimens of the two populations.
In individuals from each population, two typical localizations and shapes of stained cells were observed in the articles of the swimming legs: (1) thin and elongated cells (figs. 4A, 5D, thin arrows) and (2) thick/large and round cells (figs. 4B, 5D, thick arrows). Inside the ionocytes, two patterns of immunostaining were observed: (1) bright and homogeneous (figs. 4, 5D [single filled triangle], 6) and (2) spotted ( fig. 5D , double filled triangles). The first pattern appeared more common than the second, particularly in the freshwater population. Both cell types were located along the cuticle with their basolateral side lined by a wide hemolymph lacuna.
In the freshwater population, we observed a preferential basolateral localization of NKA and an apical localization of VHA (figs. 6, 7). The relative localization of VHA and NKA is apparent when comparing figure 6C and figure 6D , showing that VHA is localized proximate to the cuticle, indicating apical localization, whereas NKA is close to the hemolymph and is basolaterally localized. In contrast, immunostaining of both enzymes in the saline population did not show preferential apical or basal localization ( fig. 5) . Except for the well-known autofluorescence of the cuticle, control slides showed no concentrated areas of staining for NKA and VHA in both populations ( fig. 8A-8D for the freshwater population and fig. 8E-8H for the saline population).
Quantification of Immunostained Area and Immunostaining Intensity in the Swimming Legs
When we compared areas of VHA and NKA expression between the saline and freshwater populations reared at their native salinities (15 PSU for saline and 0 PSU for the freshwater populations), we found significant differences in IA (table 1). We quantified the mean HA, CA, and IA (due to staining of cells containing VHA or NKA) relative to TA for each population ( fig. 1 ). In the ancestral saline population, ∼18% of the TA consisted of hemolymph lacunae (HA; fig. 9A ), whereas ∼82% of the TA was composed of cells (CA; fig. 9B ), of which ∼5.5% (of TA, corresponding to 6.7% of cells) consisted of immunostained area due to staining of cells (IA; fig. 9C ). In the freshwater population, ∼33% of the total area consisted of hemolymph lacunae (HA), whereas ∼67% consisted of cells (CA), of which ∼4%-5% (of TA, corresponding to 6.7% of cells) was made up of immunostained cells (IA; fig. 9A-9C ). The relative HA was significantly higher in the freshwater (at 0 PSU) than Figure 1 . Areas of the longitudinal section of a swimming leg article of copepod Eurytemora affinis that were quantified in this study. Area was calculated for immunostained area (IA), hemolymph area (HA), total area (TA), and cell area (CA p TA 2 HA) for all leg articles that were immunostained for enzymes Na 1 /K 1 -ATPase (NKA) and V-type H 1 -ATPase using ImageJ software. Shown is the penultimate leg article, with the right end being closer to the body, following immunostaining for NKA.
in the saline (at 15 PSU) population by ∼15% (Student's test, t p 11.85, df p 539.7, P ! 0.0001), whereas the relative CA was higher in the saline population than in the freshwater population by ∼15% (Student's test, t p 10.11, df p 322, P ! 0.0001; fig. 9A, 9B ).
Immunostained Area of NKA and VHA. IA for NKA was significantly different between the two populations ( fig. 9C ; Student's test, t p 2.347, df p 232.6, P p 0.0198), with the ancestral saline population (at 15 PSU salinity) showing greater IA than the freshwater population (at 0 PSU) by ∼25%. However, no significant difference was observed in NKA immunostaining intensity between the two populations (Student's test, t p 1.358, df p 163, P p 0.1764; fig. 9D ). In contrast, no significant difference was found in relative IA for VHA between the two populations (Student's test, t p 0.9437, df p 253, P p 0.3462; fig. 9C ).
When we compared differences in IA of NKA and VHA of the corresponding swimming legs between the two populations, we found significant differences for both enzymes. For NKA, the IA relative to TA of legs L2 and L4 was significantly higher for the saline population (at 15 PSU) than for the freshwater population (at 0 PSU) by 54% and 53%, respectively (L2: Student's test, t p 2.859, df p 48, P p 0.0063; L4: Student's test, t p 3.032, df p 37, P p 0.0044; fig. 9E ). No difference was found in NKA IA for the other legs (Student's test, P 1 0.05). In contrast, VHA IA relative to TA was significantly higher in the saline population than in the freshwater population for L5 only, by 78% ( fig. 9G ; Student's test, t p 2.635, df p 14, P p 0.0196). No difference was found in VHA IA for the other legs (Student's test, P 1 0.05).
The five swimming legs contained relatively small IA of both enzymes NKA and VHA for both populations, between ∼1% and 9% of the TA (table 1) . IA/TA of NKA varied significantly among legs for both populations (see table 1; fig. 9E ). For the saline population, IA of NKA was significantly higher in L4 than in all other legs by ∼50%-150% ( fig. 9E ; ANOVA, F p 4.844, P p 0.009; pairwise Tukey, P ! 0.05). In the freshwater population, the NKA IA was significantly lower in L2 than in L1, L3, and L5 by ∼35%-60% ( fig. 9E ; ANOVA, F p 2.831, P p 0.0280; pairwise Tukey, P ! 0.05).
IA/TA of VHA also varied significantly among legs for both populations (see table 1; fig. 9G ). In the saline population, IA was significantly higher, by ∼25%, in L4 than in L2 and L3 and higher by ∼60%-100% in L2 and L3 than in L1 and L5 ( fig. 9G ; ANOVA, F p 5.145, P p 0.0005; pairwise Tukey, P ! 0.05). In the freshwater population, VHA IA was significantly higher, by ∼80%-100%, in L3 and L4 than in L2 and higher by ∼50%-300% in L2 than in L1 and L5 ( fig. 9G ; ANOVA, F p 8.402, P ! 0.0001; pairwise Tukey, P ! 0.05).
Immunostaining Intensity of NKA and VHA. Mean NKA immunostaining intensity among legs did not show significant differences between populations ( fig. 9D ; Student's test, t p 1.358, df p163, P p 0.1764; table 2). In some cases, corresponding legs in each population showed significant differences from each other (table 2; fig. 9F ). Immunostaining intensity of NKA was ∼20% higher in L2 of the saline population than in L2 of the freshwater population (Student's test, t p 3.344, df p 35, P p 0.0249) and ∼60% higher in L5 of the freshwater population than in L5 of the saline population ( fig. 9F ; Student's test, t p 1.995, df p 31, P p 0.0439). Immunostaining intensity differed significantly among the legs for the saline population but not for the freshwater population (table 2; fig. 9F ). In the saline St. Lawrence population, the NKA immunostaining intensity was ∼30%-40% lower in L5 than in the other legs ( fig. 9F ; ANOVA, F p 5.081, P p 0.0066; pairwise Tukey, P ! 0.05). In contrast, in the freshwater population, NKA immunostaining intensity was not significantly different among the legs ( fig. 9F ; ANOVA, F p 0.5329, P p 0.7118).
Most notably, mean VHA immunostaining intensity among legs did show significant differences between populations, where it was ∼20% higher in the freshwater population than in the ancestral saline population (table 2; fig. 9D ; Student's test, t p 2.484, df p 335, P p 0.0135). Again, in some cases, corresponding legs in each population showed significant differences from each other (table 2; fig. 9H ). VHA immunostaining intensity was significantly higher, by ∼46% and 39%, respectively, in legs L3 and L4 of the freshwater population than in those of the saline population ( fig. 9H ; L3: Student's test, t p 2.498, df p 57, P p 0.0154; L4: Student's test, t p 1.984, df p 44, P p 0.0453). When we compared legs of the same population, VHA immunostaining intensity in the saline population was ∼15%-40% lower in L5 than in the other legs (ANOVA, F p 2.843, P p 0.00259; pairwise Tukey, P ! 0.05). In the freshwater population, VHA immunostaining intensity was ∼40%-55% lower in L5 and L1 Figure 6 . Immunocolocalization of Na 1 /K 1 -ATPase (NKA; red) and V-type H 1 -ATPase (VHA; green), showing immunostaining in different swimming legs of an individual Eurytemora affinis copepod from the freshwater population. A, Filter set for NKA; B, filter set for VHA; C, merged images of A and B; D, filter set for VHA with bright field set at low voltage to delineate the leg edges. L p leg. The arrows point to leg articles showing basal NKA and apical VHA in cells. The relative localization of VHA and NKA is apparent when comparing C and D. VHA is localized proximate to the cuticle and is apically localized, whereas NKA is close to the hemolymph and is basally localized. than in L3 and L4 ( fig. 9H ; ANOVA, F p 3.559, P p 0.0089; pairwise Tukey, P ! 0.05).
Discussion
Localization and Quantification of Ion Transporter (VHA and NKA) Expression
On multiple independent occasions in the past few decades, the copepod Eurytemora affinis has invaded freshwater habitats across the Northern Hemisphere (Lee 1999; Winkler et al. 2008) , exposing the organisms to drastic changes in salinity. Survival under these conditions, particularly in fresh water, was enabled through evolutionary shifts in ionic regulation, particularly through increases in hyperregulation (Lee et al. 2012 ) and increases in ion uptake (Lee et al. 2011 ) under freshwater conditions in the freshwater populations. These adaptations appeared remarkable for a small crustacean without elaborate osmoregulatory organs. The aim of this study was to localize and quantify the occurrence of ionocytes and ion transporters in the osmoregulatory leg organs characterized in a previous study (Johnson et al. 2014) .
This study identified putative ion regulatory regions in the swimming legs of E. affinis using histological observation and quantification. While a prior study identified the maxillary glands and swimming legs (Crusalis organs) as the sites of ion transport in E. affinis (Johnson et al. 2014) , the extent to which each pair of swimming legs was involved in ionic regulation was unclear. We concentrated in particular on the localization and relative abundance of NKA and VHA, as these enzymes have been found to undergo evolutionary shifts in activity and expression following freshwater invasions in E. affinis (Lee et al. 2011 ) and as these enzymes are known for their importance in ion transport in insects (Beyenbach 2001 Onken et al. 2003; Tsai and Lin 2007; Weihrauch et al. 2007; Freire et al. 2008; Charmantier et al. 2009; Lee et al. 2011; Henry et al. 2012; McNamara and Faria 2012) , and in freshwater fish (review in Evans and Claiborne 2009). While VHA has been involved in ion uptake in many freshwateradapted and strong hyperregulating species, VHA does not appear to be involved in transbranchial NaCl uptake in weak hyperosmoregulators such as the shore crab Carcinus maenus (Weihrauch et al. 2001; see review in McNamara 2012) .
In this study, we used polyclonal antibodies for detecting NKA and VHA after validation by Western blot analysis. The antibody raised against NKA showed one clearly identified band at 100 kDa that corresponds to the expected size. The antibody raised against the native V1 domain of the V-type H 1 -ATPase from Manduca sexta showed four main immunoreactive bands that correspond to the subunits A (70 kDa), B (56 kDa), and E (29 kDa), as shown in other species using the same antibody (Covi and Hand 2005; Boudour-Boucheker et al. 2014) . The 100-kDa band is slightly less intense and can be interpreted as a dimer of the B subunit (H. Wieczorek, personal communication) . In M. sexta embryos, where the same antibody has been used, a supplementary band has been detected at 16 kDa that the authors identified as G subunit, but the gel was not shown at the level of the 100-kDa band to compare it with our study (Covi and Hand 2005) .
High levels of immunostaining were observed for the enzymes NKA and VHA in the swimming legs of both populations (saline population reared at 15 PSU and freshwater population reared at 0 PSU), suggesting that the Crusalis organs may serve ionoregulatory functions in both saline and freshwater environments. VHA is thought to be important for ion uptake in dilute environments (Beyenbach and Wieczorek 2006; Charmantier et al. 2009; Lee et al. 2011) and NKA is thought to be important for ion transport at all salinities (Lucu and Towle 2003; Charmantier et al. 2009; Henry et al. 2012; McNamara and Faria 2012) . We found that NKA and VHA were generally observed to be localized in the same areas within the swimming legs (Johnson et al. 2014 ; this study), strengthening the hypothesis of cooperation between these two enzymes in osmoregulation (Lee et al. 2011 ). Most notably, immunostained ionocytes were observed in all five pairs of swimming legs, suggesting that all legs are involved in ion transport but to varying degrees (tables 1, 2; figs. 5-7, 9).
When examining all legs combined, IA relative to TA showed significant differences between populations for NKA but not for VHA (table 1; fig. 9C ). In contrast, immunostaining intensity for all legs combined showed no significant differences between populations for NKA but did for VHA (table 2; fig. 9D ), where VHA immunostaining intensity was significantly higher for the freshwater population (at 0 PSU) than the saline population (at 15 PSU). For both populations, the leg pairs L3 and especially L4 displayed a higher IA than L1 and L5 ( fig. 9E, 9G ), suggesting differences in involvement among the leg pairs in osmoregulation. Differences in length of legs also suggested lower involvement of L1 and L5 in osmoregulation, as these legs were smaller than the others ( fig. 2A) .
The decrease in NKA IA in the freshwater population (at 0 PSU) relative to the saline population (at 15 PSU; fig. 9C ), with no change in immunostaining intensity ( fig. 9D) , suggested a decline in the total area of ionocytes containing NKA in the freshwater population. This result could arise from a decline in the number of ionocytes that express NKA or a reduction in their size in the freshwater population but not from a change in number of NKA per cell. This decrease in NKA IA originated from a significant decline in NKA expression area in legs L2 and L4 in the freshwater population ( fig. 9E ). The decline in IA of NKA in the freshwater population (at 0 PSU), relative to the saline population (at 15 PSU), was consistent with the lower NKA activity and expression reported in freshwater populations relative to saline populations across all salinities (Lee et al. 2011) . These findings seem to contradict the fact that the osmoregulatory tissue has to work hard to gain NaCl from aniondeprived environment. In the euryhaline crab Chasmagnathus granulatus, for instance, the NKA mRNA expression increased markedly following exposure to low salinity (Luquet et al. 2005) . In E. affinis, a hypothesis is that the much higher involvement of VHA in sodium uptake from fresh water (see below) decreases the need for NKA activity.
In sharp contrast, the fact that we found significantly higher VHA immunostaining intensity in the freshwater population (at 0 PSU) than in the saline population (at 15 PSU; fig. 9D ) Note. Data are mean values with standard errors of the mean from six animals from each population, the saline St. Lawrence River population at 15 PSU and the freshwater Lake Michigan population at 0 PSU. The values that are significantly different between corresponding legs of the saline and freshwater populations, based on Student's t-tests, are shown in bold (P ! 0.05). Figure 9 . Quantification (%) of immunostained area and immunostaining intensity for Na 1 /K 1 -ATPase (NKA) and V-type H 1 -ATPase (VHA) in the swimming legs of the copepod Eurytemora affinis. Areas were examined for hemolymph, cell, and immunostaining of NKA and VHA relative to total area (see fig. 1 ). Comparisons were made between swimming legs of the saline St. Lawrence (SLr; at 15 PSU) and freshwater Lake Michigan (LMi; at 0 PSU) populations. Data are mean values 5 standard errors for six animals from each population. Different letters indicate significant differences (P ! 0.05) between populations or legs. A-D, Differences between populations for all legs combined. A, Hemolymph area/total area; B, cell area/total area; C, NKA and VHA immunostained area/total area; D, NKA and VHA immunostaining intensity (no. pixels). E-H, Immunostaining in the legs (L1-L5) of both populations. E, NKA immunostained area/total area; F, NKA immunostaining intensity; G, VHA immunostained area/total area; H, VHA immunostaining intensity.
but not higher IA ( fig. 9C ) suggests that the previous finding of increased VHA activity in the freshwater population (at 0 PSU; Lee et al. 2011) resulted from an increase in the amount of VHA enzyme expressed per ionocyte rather than from an increase in the total area of ionocytes in the legs. That is, this increase in VHA immunostaining intensity suggests an increase in abundance of VHA protein expressed per cell rather than an increase in ionocyte abundance or size.
It is worth noting that in the freshwater population, the two leg pairs L3 and L4 are likely to perform an important role for osmoregulation, particularly under freshwater conditions. The difference in VHA immunostaining intensity between the two populations clearly results from significantly higher VHA immunostaining intensity of L3 and L4 in the freshwater population (table 2; fig. 9H ). In addition, the L3 and L4 legs are longer than the other legs, and in the freshwater population these legs exhibit significantly higher IA and immunostaining intensity than the other legs (tables 1, 2; fig. 9G, 9H) . Overall, these results indicate that the L3 and L4 swimming leg pairs likely constitute the main sites for ion uptake in E. affinis under freshwater conditions and are likely to be important for evolutionary adaptation or acclimation to freshwater habitats.
The evolutionary implications of increased expression of NKA or VHA arising from increased number of enzymes per ionocyte versus increased number of ionocytes are distinct. Prior studies had demonstrated evolutionary differences in VHA and NKA enzyme activity and expression between the saline and freshwater populations of E. affinis (Lee et al. 2011) , but the mechanism of increased expression had not been known. Increased number of enzymes per cell would just entail an upregulation of protein expression within a cell. In contrast, the increase in number of ionocytes would involve the upregulation of the entire cell mitosis machinery. Ionocytes are specialized cells with elaborate microvilli, basolateral infoldings, and large numbers of mitochondria, such that production of more of these types of cells would likely be energetically costly. Thus, increasing the number of enzymes per cell would be more economical during upregulation of ion uptake.
Our results suggest that freshwater adaptation or acclimation involves only the increase in VHA enzyme synthesis per cell, as implied by the increase in immunostaining intensity.
This result is consistent with the increase in transcription of VHA that was found previously in freshwater populations, relative to ancestral saline populations, under freshwater conditions (Lee et al. 2011 ). On the other hand, the reduction in NKA IA in the freshwater population suggests the reduction in cell number expressing NKA, which potentially could serve as a strategy for resource conservation.
Characterization and Localization of Ionocytes
Within ionocytes, we observed differences in the cellular localization of NKA and VHA, at least in individuals from the freshwater population. NKA was localized on the basolateral side of the ionocytes, and VHA was localized at their apical side. This result is consistent with the model of ion transport we discussed above (see "Introduction"), where VHA creates a proton gradient across the apical membrane to promote cation uptake (such as Na 1 ) and NKA transports Na 1 across the basolateral membrane to the hemolymph.
This differential localization has been observed in other crustaceans (review in Henry et al. 2012 ) and might reflect a collaborative effort of both enzymes in ion absorption, particularly in sodium uptake from media of low ionic concentration (Weihrauch et al. 2007 ). However, observation of the locations of the enzymes were constrained by the very low height of the cells in the Crusalis organs and the lower number of infoldings of the membranes, compared to those in ionocytes of other crustaceans, also reported previously in E. affinis (Johnson et al. 2014) . Future insights on this topic should be gleaned from studies based on immunogold localization of these proteins.
Additionally, we found two distinct types of cells, namely, those that were thin and elongated versus those that were thick/large and round ( fig. 6 ). We also found two distinct patterns of immunostaining within the cells, consisting either of bright and homogeneous spotted ( fig. 6 ). These two cell types can be found in immediate vicinity of each other, which suggests a possible functional association. Different types of cells have been found in the osmoregulatory epithelia of other species. For example, in the posterior gill lamellae of the freshwater crab Dilocarcinus pagei, thick and thin epithelia are involved, respectively, in Na 1 uptake (via basolateral NKA and Weihrauch et al. 2007 ).
In the thin osmoregulatory gill epithelia of the palemonid shrimps Macrobrachium olfersii and Macrobrachium amazonicum, two distinct cellular types (septal cells and pillar cells) have also been found in close proximity (McNamara and Torres 1999; Freire et al. 2008; Belli et al. 2009; McNamara and Faria 2012; Boudour-Boucheker et al. 2013 ) and have been proposed to cooperate in ion transport. According to the proposed model, VHA in the first cell type mediates the uptake of Na 1 from the external medium through a Na 1 /H 1 exchanger; then in a second cell type, Na 1 is transported to the hemolymph via NKA (Freire et al. 2008; McNamara and Faria 2012; Boudour-Boucheker et al. 2013) . Whether a similar functional cooperation occurs between the two distinct types of ionocytes that we found in E. affinis remains to be explored. However, the model of ion transport in E. affinis would be different from the one proposed in Macrobrachium, as we observed the expression of both NKA and VHA in each cell.
The Crusalis Leg Organs and Implications of Body Size
Our study confirms the hypothesis proposed by Johnson et al. (2014) that, in addition to excretory (maxillary) glands, extrabranchial organs (i.e., the Crusalis organs) are involved in osmoregulation in adult E. affinis, which does not possess gills. Crustacean gills, such as those of decapods, not only perform ion transport but also are generally considered to function primarily in respiratory gas exchange. However, rather than producing elaborate gills with large surface area, small-sized aquatic animals (in the millimeter size range) most often rely on tegumentary respiration, as their surface area-to-volume ratio (S/V) is large enough to provide O 2 uptake through their integument (and CO 2 release) for their metabolism. This use of tegumentary respiration has been shown during the early postembryonic development of different crustaceans and fishes (review in Rombough 2007) . Thus, as these larval organisms have no gills for osmoregulation, extrabranchial osmoregulatory sites are present, such as dorsal organs or branchiostegites in crustaceans (reviews in Charmantier 1998; Charmantier and Charmantier-Daures 2001) and the skin of fishes (review in Varsamos et al. 2005) .
In crustaceans that are small even as adults, such as the copepod E. affinis (! 2 mm), S/V remains high enough during their entire life cycle for them not to require gills for respiration purposes. Osmoregulatory ion transport is then performed by other structures, with diverse locations and shapes that vary among species, such as ventral and dorsal surfaces and thoracic appendages (Hootman and Conte 1975; McDonough and Stiffler 1981; Kikuchi 1983; Kikuchi and Matsumasa 1995; Hosfeld and Schminke 1997; Hosfeld 1999) . During the evolution of copepods, the very small size and the narrow tubular shape of the body probably did not offer enough surface area for osmoregulatory organs in contact with the external medium, while the relatively long and multiple swimming legs provided ample surface area to serve as sites of ion transport.
Concluding Remarks
Our results are important for explaining and describing the osmoregulatory sites likely critical for adaptation and acclimation to freshwater habitats in the copepod Eurytemora affinis. This study confirmed the involvement of the swimming legs as osmoregulatory organs in E. affinis. The major scientific contributions of this study were to (1) confirm the presence of iontransporting cells in the Crusalis organs of the swimming legs, (2) describe the occurrence of two distinct types of ionocytes in the Crusalis organs, (3) localize and quantify the in situ expression of NKA and VHA in each of the swimming legs, (4) establish the predominance of the L3 and L4 swimming leg pairs in ion transport, and (5) show that the increase in VHA activity reported in the freshwater populations (Lee et al. 2011 ) most likely arose from an increase in the abundance of VHA per cell, rather than from an increase in the ionocyte area. These results should contribute deeper insights into ionic regulation of this species and evolutionary mechanisms underlying physiological adaptation during habitat invasions.
At this point, we cannot distinguish whether the observed differences between populations are due to differences in rearing salinity (acclimation) or genetic differences (evolutionary adaptation). Future work should compare the two populations under common-garden conditions, where both populations are reared at common salinities (e.g., 0 and 15 PSU) to determine whether the differences between the populations are due to evolutionary adaptation or developmental acclimation. Further investigations should also consider (1) ultrastructure of cells in the swimming legs, (2) potential cooperation between the two ionocyte types, and (2) ontogeny of the Crusalis organs during the development of E. affinis, which would include several nauplius larval and copepodite juvenile stages (Katona 1971) . As nauplii have a general flat shape, few and short appendages, and no swimming legs, we predict that the location of osmoregulatory sites must change during the ontogeny of this species.
